In Brief
How the higher order, tissue-level architecture of the heart's pacemaker region is patterned during development is poorly understood. Bressan et al. demonstrate that a cellular remodeling process, which depends on the integration of pacemaker muscle with proepicardial-derived mesenchymal cells, establishes the microenvironmental conditions required for rhythmic stimulation of the heart. Data and Software Availability GSE112894 Impulses generated by a multicellular, bioelectric signaling center termed the sinoatrial node (SAN) stimulate the rhythmic contraction of the heart. The SAN consists of a network of electrochemically oscillating pacemaker cells encased in a heterogeneous connective tissue microenvironment. Although the cellular composition of the SAN has been a point of interest for more than a century, the biological processes that drive the tissue-level assembly of the cells within the SAN are unknown. Here, we demonstrate that the SAN's structural features result from a developmental process during which mesenchymal cells derived from a multipotent progenitor structure, the proepicardium, integrate with and surround pacemaker myocardium. This process actively remodels the forming SAN and is necessary for sustained electrogenic signal generation and propagation. Collectively, these findings provide experimental evidence for how the microenvironmental architecture of the SAN is patterned and demonstrate that proper cellular arrangement is critical for cardiac pacemaker biorhythmicity.
INTRODUCTION
Cardiac pacemaker cells (PCs) can autonomously oscillate their membrane potential between polarized and depolarized states. At the tissue level, multicellular networks of PCs coalesce and synchronize this oscillatory behavior to generate rhythmically cycling electrical impulses. PC networks display a highly specialized cellular architecture in which they are arranged as loosely connected, unaligned, primitive muscle fibers embedded in a fibroblast-rich connective tissue microenvironment, collectively termed the sinoatrial node (SAN) (Keith and Flack, 1907; Bouman and Jongsma, 1986; Boyett et al., 2000; Opthof, 1988) . The impulses initiated within the SAN propagate to the working myocardium of the heart, where they stimulate excitation and contraction in the entire organ system, and thus PCs serve as the primary driver of overall cardiac biorhythmicity.
The fibrotic structure of the PC microenvironment is heavily stereotyped across vertebrate species (Keith and Flack, 1907; Lu et al., 1993; Opthof, 1988; Santer and Cobb, 1972) and represents the defining characteristic upon which the initial anatomical definition of the SAN was based (Keith and Flack, 1907) . However, although substantial study has been dedicated to the molecular mechanisms that confer the ability of individual PCs to rhythmically generate electrical impulses (Bouman and Jongsma, 1986; Lakatta et al., 2010) , the importance of the microenvironmental niche in which PCs reside has remained poorly understood. This is despite the fact that a variety of cardiac pathologies, including chronic arrhythmias and congestive heart failure, trigger cellular remodeling in the SAN, which, in turn, is directly associated with pacemaker dysfunction (Haqqani and Kalman, 2007; Monfredi and Boyett, 2015; Sanders et al., 2004) . Currently, the overall correlation between SAN structure and function remains poorly understood. Indeed, no data are available regarding even the basic processes that initially pattern the morphology of the SAN, and the biological events that assemble the higher order cellular architecture of the heart's pacemaker region remain almost completely unknown.
To address this, an in vivo timeline of SAN development was constructed by examining both the electrophysiological and structural parameters of the cardiac pacemaker region at different stages of cardiac morphogenesis. Through direct comparison of electrical impulse propagation patterns with multistage three-dimensional reconstructions of PC myocardium, our data have uncovered a key developmental window during which both the electrical communication with the remainder of the heart and the cellular architecture of the forming pacemaker region dramatically remodel. Our data further indicate that this remodeling is heavily dependent on a cellular integration process during which mesenchymal cells interdigitate with, and surround, PC myocardium. Importantly, failure of mesenchymal cell integration results in severe SAN electrical dysfunction, demonstrating that the proper assembly and organization of the cells within the heart's pacemaker complex is critical for rhythmic impulse generation and propagation.
RESULTS
Functional and Structural Remodeling of the Forming SAN To identify the processes by which mature SAN cellular architecture is patterned, the functional and structural features of the forming pacemaker region of the heart were examined at different stages of development. Bona fide PCs become electrically active following the completion of a morphogenetic process known as dextral cardiac looping at embryonic day 3 (E3, HH stage 17-18) in avians (Bressan et al., 2013) . High-speed live imaging of voltage-sensitive dyes demonstrated that at this stage, electrical impulses propagate directly from PCs into the adjacent atrial muscle as a continuous, isotropic wave ( Figure 1A ; Video S1). Over subsequent developmental stages, however, Figure S1 ) stained with a general muscle marker MF20 (green), the intermediate filament vimentin (red), and DAPI (blue). OFT, outflow tract. (E) Section through the pacemaker region of the E3 heart stained for MF20 (green), Col3 (red), and DAPI (blue). (F) Section through the E3 atria stained as in (E). (G) 3D volumetric rendering of MF20 positive musculature of the E3 pacemaker region. Relative position of the atria is indicated by blue arrow. (H) 3D reconstruction of an 80-mm-thick region of the E6 pacemaker region (as defined in Figure S1 ) stained with MF20 (green), vimentin (red), and Dapi (blue). (I) Section through the pacemaker region of the E6 heart stained for MF20 (green), Col3 (red), and Dapi (blue). electrical communication between PCs and the atria dramatically remodels, as conduction delay forms at the PC-atrial boundary ( Figure 1B) . By the completion of cardiac ventricular septation at embryonic day 6 (E6, HH stage 30), this conduction delay has stabilized at 80 ms ( Figure 1C) . Furthermore, by E6, PC-to-atria propagation no longer occurs through the nearest muscular junction; instead, PC impulses are diverted toward the preferential conduction routes defined by the pectinate muscle bundles emanating from the roof of the atria ( Figure 1B ; Video S1) (Bressan et al., 2014; Sedmera et al., 2006) .
Using high-resolution three-dimensional (3D) reconstruction of the cardiac pacemaker region (see Figure S1 for definition of the pacemaker region), we noted that the remodeling of PC-toatria impulse propagation that occurred between E3 and E6 coincided with significant changes in the cellular architecture of this region. At E3, the pacemaker region was composed of densely packed myocytes that morphologically resembled the adjacent atrial myocardium (Figures 1D-1G ; Video S2). However, by E6 the pacemaker region had thickened relative to the atrial wall and consisted of small and irregularly spaced muscle fibers enmeshed within a population of non-muscle, mesenchymal cells (Figures 1H and 1K ; Video S3). Of note, this cellular remodeling correlated with dynamic changes in extracellular matrix (ECM) deposition. At E3, neither the pacemaker region nor the atrial myocardium displayed detectable levels of interstitial collagen 3 (Col3) (Figures 1E and 1F) . In striking contrast, Col3 was abundantly detected within the interstitial spaces surrounding the pacemaker muscle fibers of the E6 heart, while being largely excluded from the myocardial layer of the atria (Figures 1I and 1J) . Collectively, these data indicate that between the completion of dextral looping and the completion of ventricular septation (E3-E6 in the chick embryo), PCs and their surrounding microenvironment undergo significant structural and functional remodeling, acquiring a cellular architecture and conduction characteristics much more consistent with those observed in the adult vertebrate SAN (Fedorov et al., 2009; Lu et al., 1993; Sá nchez-Quintana et al., 2002) . This, in turn, suggests that the processes required for mature SAN morphological patterning take place within this early developmental time period.
Remodeling SAN Demonstrates a Molecular Profile Consistent with EMT and Fibrosis
To identify the cellular processes that contribute to SAN architectural patterning, we focused on the developmental time point at which remodeling first became detectable. A detailed time series indicated that morphological rearrangement of the pacemaker myocardium could be detected as early as E3.5 (Figures S1E-S1G). Therefore, tissue was isolated from the pacemaker region, atria, and ventricle just prior to this, and transcriptome analysis (Christodoulou et al. 2011 ) was conducted in an effort to identify the specific events that triggered remodeling.
RNA sequencing (RNA-seq) identified 657 genes that displayed greater than 2-fold enrichment in the pacemaker region relative to both atria and ventricle and 170 genes that showed greater than 2-fold depletion (Figure 2A ). To evaluate the fidelity of the RNA-seq results, the expression of known positive and negative markers of PCs was verified. Consistent with previous reports, the ion channels CACNA1G, CACNA1H, and Hcn4 and the transcription factors Shox2, Isl1, Tbx3, and Tbx18 were enriched in the pacemaker region, while Gja5, Gja1, Nkx2.5, and Pitx2 were depleted ( Figure S2A ) (Espinoza-Lewis et al., 2009; Vedantham et al., 2015; Wang et al., 2010; Wiese et al., 2009) .
Therefore, the RNA-seq data were interrogated specifically to identify expressed gene sets reflective of biological processes in the pacemaker region that could contribute to remodeling. Gene Ontology (GO) analysis revealed that pacemaker-enriched genes were distinctly associated with terms including ECM organization (GO: 0030198), epithelium development (GO: 0060429), locomotion (GO: 0040011), connective tissue development (GO: 0061448), and chemotaxis (GO: 0006935) ( Figure S2B ). Collating the genes in these categories further identified that a network of factors associated with epithelial-to-mesenchymal transition (EMT) and fibrosis were upregulated in the RNA pool derived from the pacemaker region ( Figure 2B ) (Cheung et al., 2005; Liu and Jessell, 1998; Schneider et al., 2012; Tavares and Runyan, 2009; Yang et al., 2004) (Combs and Yutzey, 2009) .
To identify the local cellular domains in which these processes might be active, whole-mount in situ hybridization was performed for 50 of the pacemaker region enriched transcripts. This revealed a number of complex expression patterns across the pacemaker region and adjacent tissues ( Figures S2C-S2E) . Interestingly, at E3, the expression of several EMT-associated genes did not perfectly overlap. For instance, BMP2 was detected within the pacemaker myocardium, Snai2 was enriched in the adjacent proepicardium (PE), while RhoB was expressed in both tissues ( Figures 2C and 2E ). Of particular interest were the expression patterns of several genes that dynamically changed between E3 and E6. One such gene was lymphocyte specific protein 1 (Lsp1). Lsp1 encodes an F-actin binding protein associated with neutrophil trans-endothelial migration (Hossain et al., 2015) . At E3, Lsp1 was expressed by PE cells and was not detectable in the pacemaker myocardium ( Figures 2C and  2E ). However, following the structural remodeling of the pacemaker region, Lsp1-positive cells could be mosaically detected within the Hcn4 + myocardial wall of the forming SAN ( Figure 2F ).
Importantly, this translocation of an initially PE-specific transcript into the pacemaker region coincided with both the emergence of a non-muscle mesenchymal cell population in the forming SAN noted above (Figure 1 ; Video S3) and our RNAseq data indicating a molecular profile consistent with EMT (Figure 2B ). These findings therefore led to the hypothesis that SAN structural remodeling was driven by the integration of PEderived cells with pacemaker myocardium.
The PE Contributes Mesenchymal Cells to the Forming SAN To test the above hypothesis, a microsurgical strategy was used in which host chick PCs were labeled with DiI, while the adjacent PE was replaced with the PE from a donor quail embryo (isotopic, isochronic engraftments; Figure 3A ). These surgeries were performed to directly assay the ability of the engrafted quail-derived PE cells to interact with the labeled host PCs in vivo. Chimeric embryos were generated prior to SAN remodeling at E3 and were analyzed following 72 hr of incubation. Over this developmental period, quail-derived PE cells (QCPN positive) contributed to the epicardium and subepicardial mesenchyme of chimeric hearts, with only a few quail cells present within the underlying myocardial layers of the atria or ventricles ( Figures 3B and 3C ) (Mä nner, 1999) . Conversely, large numbers of quail-derived PE cells could be seen integrating with the pacemaker myocardium in chimeric hearts ( Figures 3D and 3E ) demonstrating the rapid and specific capacity of these cells to contribute to the forming SAN. The quail cell maker used for the above studies, QCPN, recognizes a perinuclear localized antigen. This meant that only basic information regarding the morphology and distribution of PEderived cells could be attained from quail-chick chimeric embryos. Furthermore, because of the close apposition of QCPN positive nuclei and muscle fibers (MF20-positive cells) it could not be ruled out that the PE-derived cells were actually giving rise to pacemaker myocardium. To address this possibility, additional PE engraftment studies were conducted using donor cells from a transgenic chicken line that ubiquitously expresses cytoplasmic GFP (Chapman et al., 2005) . 3D reconstructions through the pacemaker region of the resultant embryos (boxed region in Figure S3B ) demonstrated that the GFP-positive, PE-derived cells gave rise to networks mesenchymal cells that frequently ''wrapped'' around pacemaker muscle fibers ( Figures 3F-3H ). Of note, no GFP-positive cells were co-positive for muscle markers, suggesting that these cells were not giving rise to pacemaker myocardium but represented a non-muscular constituent of the forming SAN.
To confirm that the above findings were conserved during mammalian SAN development, equivalent stages of mouse cardiac morphogenesis were examined. Consistent with data from avian embryos, at E13.5 non-muscle cells expressing the epicardial marker WT1 (Wessels et al., 2012) were detected in the interstitial spaces between clusters of HCN4 + cells located within the head of the mouse SAN ( Figure 3I ). To test if these cells derived from the PE, mice expressing tamoxifen-inducible Cre driven by the PE-expressed transcription factor TCF21 (Acharya et al., 2011 (Acharya et al., , 2012 were crossed with a lox-Stop-lox tdTomato reporter line ( Figure 3J ). Tamoxifen was administered between E10 and E11, and the HCN4 + head of the SAN was examined at E13.5.
As in the chick chimera studies, labeled TCF21-derived cells gave rise to the epicardium of both the atria and ventricles with few tdTomato-positive cells present within the working myocardium at E13.5 ( Figures S3J and S3K) . Conversely, the head of the SAN was completely surrounded by tdTomato-positive cells ( Figures S3E-S3I) , and 3D reconstructions demonstrated that these cells had integrated into the interstitial spaces between the HCN4 + myocardium ( Figures 3K-3M and S3I).
The PE Is Required for SAN Structure and Function
The above data suggest that PE-derived cells integrate with pacemaker region of the heart and contribute a substantial proportion of the cellular content of the forming SAN. However, these data alone do not demonstrate a requirement for PE cells during the structural remodeling observed between E3 and E6, as this process could be autonomous to the myocardium. To evaluate the necessity of PE-derived cells for SAN patterning, chick embryos were used to perform full microsurgical ablations of the PE ( Figure S4 ). PE ablation resulted in an almost complete failure of the pacemaker structural remodeling that natively occurs between E3 and E6 ( Figures 4A-4D ). Instead of expanding into a region of loosely associated muscle fibers, PE-ablated embryos displayed a thin-walled pacemaker region with significantly increased myocardial cell density ( Figures 4E and 4F) . Furthermore, unlike sham-operated embryos in which pacemaker muscle fibers largely showed a random orientation, PE ablation resulted in ectopic alignment of the pacemaker muscle fibers, a phenotype more consistent with working myocardium ( Figures 4G and 4H ). These data suggest that the major anatomical characteristics of the mature SAN fail to emerge following developmental ablation of the PE. Concomitant with disrupted structural remodeling, PE ablation also resulted in a dramatic loss on Col3 deposition within the interstitial spaces surrounding PC muscle fibers ( Figure S4D ). Furthermore, although Hcn4 expression was maintained in the pacemaker region following PE ablation, the gap junction Gja5 (connexin 40), which is normally expressed at very low levels in the SAN (Hoogaars et al., 2007; Vedantham et al., 2015) , was upregulated in muscle fibers running through the pacemaking region ( Figure S4E ). Significantly, ECM-based insulation and low abundance of gap junctions are hallmark features of the mature SAN that are thought to protect lead PCs from electrogenic suppression by the larger volume of relatively hyperpolarized working myocardium (Joyner and van Capelle, 1986; Unudurthi et al., 2014) . Therefore, we investigated whether the pacemaker region of the heart displayed functional (legend on next page) impairment following disruption of the forming SAN interstitial microenvironment.
To address this, we developed a live-imaging protocol to track electrical propagation through sections of embryonic cardiac tissue (Figures 4I and 4K ; Video S4). This allowed us to directly observe PC activation in the myocardial wall and trace impulse propagation into the atria. In sham-operated embryos, PCs rhythmically generated impulses that were conducted into the atria 78.0 ± 22.5 ms after initial activation of the central PCs (Figures 4I and 4L ; Video S4). Conversely, sections obtained from PE-ablated embryos displayed a variety of conduction defects. These included a significant drop in rhythmicity (12.7-fold), pacemaker-to-atria conduction block, and retrograde atria-to-PC conduction ( Figures 4J, 4K , and 4M-4P; Video S4). In particular, PE-ablated conduction block was associated with rapid current movement through the pacemaker region and a dramatic drop in electrical impulse amplitude as PC-initiated action potentials approached the larger volume of atrial muscle (Figures 4Q 4R, and S4F-S4H). Of note, these findings are in close agreement with computational simulations demonstrating that increasing electrical coupling reduces the probability of successful PC-to-atria impulse propagation (Joyner and van Capelle, 1986) . Importantly, block under these conditions was not due to loss of excitability, as retrograde (atria-to-PC) signals propagated with no loss in impulse amplitude ( Figures 4S and S4H) . Collectively, these data demonstrate that in the absence of PE-derived cells, both the cellular architecture and microenvironment patterning of the forming SAN are severely affected, resulting in a disruption in the ability of PCs to excite downstream myocardium.
DISCUSSION
Currently, there are few experimental data to address the role that the non-muscle, mesenchymal populations that occupy the mature SAN play in normal PC function. It has been suggested that these cells modulate the electrical excitability of PCs (Fahrenbach et al., 2007) and/or serve as stretch sensors transmitting information regarding heart function to adjacent PCs (Kohl et al., 1994) . In addition, it could be speculated that these cells help protect PCs from the biophysical forces (stretch and strain) that induce hypertrophic growth in the working myocardium of the heart. Our findings, however, provide direct experimental evidence that mesenchymal cells are required for functional patterning of the SAN. If these cells are blocked from integrating with pacemaker myocardium, this region fails to acquire the specific architectural characteristics that define the adult SAN. Furthermore, our data demonstrate that the absence of the SAN mesenchymal population results in a lack of collagen deposition in the interstitial spaces surrounding pacemaker muscle fibers, and the ectopic expression of the low resistance gap junction GJA5 (connexin 40). These cellular and microenvironmental defects lead to broad SAN dysfunction, including loss of rhythmicity and conduction block. Of particular interest, the physiological defects present in PE-ablated embryos were highly similar to computational simulations demonstrating that increasing PCs electrical coupling results in electrical suppression and conduction block (Joyner and van Capelle, 1986) , suggesting that integration with mesenchymal cells is critical for protecting PCs from the electrogenic ''load'' of the adjacent atrial myocardium.
Additionally, our data indicate that the PE represents a major source of the non-muscular component of the forming SAN both in avians and mammals. PE-derived cells are known to contribute to a variety of cell lineages in the heart, including epicardial cells, fibroblasts, and smooth muscle cells (Mä nner, 1999; Mikawa and Gourdie, 1996; Acharya et al., 2012) ; however, this study demonstrates that PE-derived cells are also required for proper formation of the SAN. Importantly, it should be noted that our present studies do not rule out the possibility that additional cellular sources could also contribute to the mesenchymal compartment of the SAN. Our PE ablation studies, however, indicate that if additional sources do exist, they are not capable of fully compensating for loss of cells following removal of the PE, again suggesting a critical role for PE-derived cells in SAN formation.
In conclusion, our findings have identified a previously unrecognized process required for the functional assembly of the heart's pacemaker complex, whereby an active cellular integration process constructs the higher order, tissue-level organization of the SAN. Importantly, these results demonstrate that the formation of the specific cellular architecture present within the SAN is critical for PC biorhythmicity. Removal of the PE resulted in a densely packed PC region, irregular PC fiber alignment, loss of SAN ECM deposition, and upregulation of high conductance gap junctions. These features were more reminiscent of the cellular make-up of the working myocardium of the Figure 4F ). (R) Analysis of conduction block in PE-ablated embryo (see Figure S4G ). (S) Analysis of retrograde conduction in PE-ablated embryo (see Figure S4H ). Data are represented as mean ± SD. *p < 0.05 and ***p < 0.001 (unpaired t test). atria and directly correlated with arrhythmia of the forming SAN. As the past decade has seen significant advances toward deriving cells with pacemaker-like characteristics through a variety of stem cell and tissue engineering approaches (Chauveau et al., 2014; Hoogaars et al., 2007; Ionta et al., 2015; Kapoor et al., 2012; Protze et al., 2017) , potential future therapeutic applications for such cells will depend heavily on a detailed understanding of how PCs need to be introduced into the heart for optimal function. This is a particularly important consideration, as our present data indicate that methods to replicate the SAN microenvironment may be as critical for clinical applications as actually generating pacemaker-like cells.
EXPERIMENTAL PROCEDURES
Further details and an outline of resources used in this work can be found in Supplemental Experimental Procedures.
Embryo Handling
White Leghorn Horn Chicken eggs were obtained from Petaluma Farms (Petaluma, CA, USA) or from Pilgrim Pride Hatchery (Siler City, NC, USA) and incubated in a humidified incubator at 38 C. Ages were determined on the basis of Hamburger-Hamilton stages (Hamburger and Hamilton, 1951) . Quail eggs were obtained from Georgia Egg Farms, and the GFP-positive chick embryos were kindly provided by Susan Chapman at Clemson University (Chapman et al., 2005) . Tcf21 iCre mice were kindly provided by Michelle Tallquist (Acharya et al., 2011 (Acharya et al., , 2012 . For our studies, Tcf21 iCre male mice were crossed to Ai9 female mice (R26R tdTomato Cre reporter line, 007909; The Jackson Laboratory).
Pregnant females were orally gavaged with tamoxifen (0.1 mg/g body weight) between E10 and E11. Embryos were harvested at E13.5 for reporter expression analysis. Mouse husbandry was provided by staff within the University of North Carolina Division of Laboratory and Animal Medicine, and all animal procedures were approved by our American Association for Accreditation of Laboratory Animal Care committee.
Statistical Analysis
Experimental numbers (n) reported in figure legends reflect biological replicates. Quantification of PC wall thickness and cell density (MF20 cells per 72,000 mm 3 ) are reported as average and SD ( Figures 4E and 4F ). Graphical depiction of pacemaker rate ( Figure 4M ) is displayed as data obtained from individual hearts ± SD. Pacemaker rhythmicity ( Figure 4N ) is displayed as data obtained from individual hearts ± SD; bar represents average of biological replicates ± SD. Percentage conduction block ( Figure 4O ) is displayed as average of biological replicates ± SD. Unpaired t tests were used to calculate p values (*p < 0.05, ***p < 0.001).
DATA AND SOFTWARE AVAILABILITY
The accession number for the RNA-seq data reported in this paper is GEO: GSE112894.
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Supplemental Information includes Supplemental Experimental Procedures, four figures, and four videos and can be found with this article online at https://doi.org/10.1016/j.celrep.2018.04.075.
